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ABSTRACT
Aim Multiple agents of change increasingly impact functioning of forest ecosys-
tems, for which management plans often ignore how local disturbances and
habitat fragmentation jointly operate on ecological resilience at different scales.
We examined sensitivity of functional response diversity (FD) to variation in
species diversity to predict ecological resilience to future disturbances across
tree communities and evaluated the role of landscape connectivity in maintain-
ing ecological resilience at the landscape scale.
Location Centre-du-Quebec, Quebec, Canada.
Methods We inventoried private forests and calculated FD and community-
weighted means to determine the extent to which forest-use intensity affects
ecological resilience. Subsequently, we constructed a regional map of FD, from
which a spatial network was extracted. To assess potential impacts of fragmen-
tation in maintaining FD at the landscape scale, we examined how the func-
tional connectivity of the landscape, measured by the probability of
connectivity (PC), varied across a range of maximum seed dispersal distances.
Lastly, we evaluated the importance of individual forest fragments in maintain-
ing landscape FD by measuring the connectivity fractions of PC.
Results Across tree communities, ecological resilience was low as FD increased
sharply with species diversity. Forests with high FD were dominated by species
with trait values associated with greater resilience to future anthropogenic dis-
turbances rather than to future climate change. FD was maintained across the
landscape by forest fragments acting as intermediate stepping stones in the
transfer of seeds.
Main conclusions We employed a novel approach based on spatial networks
to extend the functional diversity concept from the local to the landscape scale.
Our results suggest that seed dispersal over sufficiently large distances can
maintain ecological resilience in fragmented landscapes and buffer changes in
local-scale FD. Otherwise, FD is maintained by local processes, meaning that
ecological resilience of isolated forest fragments depends strongly on land use
type and intensity.
Keywords
ecological resilience, functional response diversity, seed dispersal, spatial
networks.
INTRODUCTION
Species loss, resulting from current and historic anthro-
pogenic disturbances, poses a current and future threat to
human livelihoods through expected declines in the provi-
sioning of ecosystem functioning and services (Butchart
et al., 2010; Cardinale et al., 2012; Hooper et al., 2012). The
lack of substantive progress towards alleviating these
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pressures on biodiversity demands the elaboration of novel
management strategies that strengthen the capacity of ecosys-
tems to respond to future disturbances to avoid (or delay)
shifting them towards new, undesirable states (Liu et al.,
2007; Armitage et al., 2009; Chapin et al., 2010). Ultimately,
management strategies should be designed to restore, main-
tain or improve the resilience of ecosystems (Folke et al.,
2004; Rist et al., 2014), that is their ability to respond to nat-
ural and anthropogenic disturbances by maintaining the
number of ecosystems functions or services and the level at
which they are provided (Pimm, 1984; Oliver et al., 2015).
Response diversity is one of the many elements that
enhance ecosystem resilience because it mediates the long-
term maintenance of multiple ecosystem functions and ser-
vices (Folke et al., 2004; Laliberte et al., 2010; Mori et al.,
2013). Response diversity buffers ecosystems to stressors
through functional compensation (Gonzalez & Loreau, 2009)
and the insurance effect of biodiversity (Yachi & Loreau,
1999). Trait-based response and effect diversity provide a
compelling framework that enables quantitative analysis and
predictions of community-level changes in the delivery of
ecosystem functions and services in response to environmen-
tal change (Suding et al., 2008; Cadotte et al., 2011). Fur-
thermore, functional diversity and redundancy have been
proposed as proxies for quantifying ecological resilience,
given the ability of multitrait indices to detect complex com-
munity-level responses to a range of disturbances (Standish
et al., 2014). Whereas functional effect diversity predicts vari-
ation in individual ecosystem functions, response diversity
captures variation in the capacity of communities to respond
to disturbances (Mori et al., 2013). The direction and magni-
tude of response diversity to disturbances are determined
principally by the distribution of functional traits related to
fecundity, regeneration and dispersal, and the sensitivity of
these species within a particular community to different
types of disturbance (Suding et al., 2008).
Global change drivers, such as land use and climate
change, are expected to progressively constrain response
diversity by eliminating sensitive species and functional
groups (Mori et al., 2013). Similarly, habitat loss and frag-
mentation may affect functional response diversity by alter-
ing population abundance, species richness and distribution,
and genetic diversity (Fahrig, 2003). Recent studies have
reported that landscape-level disturbances can exert both
positive and negative effects on functional response diversity
of plant communities (e.g. Laliberte et al., 2010; Purschke
et al., 2013; Spasojevic et al., 2014), thus highlighting the
importance of assessing how functional response diversity
varies with spatial scales of disturbances.
Connectivity is also an important element of resilience
when managing ecosystems at the landscape level (Linden-
mayer & Hunter, 2010; Hanski, 2011; Standish et al., 2014).
Species operate at different spatial scales and, hence,
respond differently to landscape fragmentation (Elmqvist
et al., 2003; del Castillo, 2015). Functional connectivity
relates to the influence of the amount, quality and spatial
arrangement of habitat patches on the ease with which spe-
cies or ecological resources and processes move through a
landscape (Kindlmann & Burel, 2008). Functional connectiv-
ity contributes positively to resilience when patches are
heterogeneous and respond differently to disturbances. For
example, through the spatial insurance mechanism, biodiver-
sity and ecosystem functioning can be stabilized at the land-
scape scale by species dispersing from disturbed patches to
intact ones (Loreau et al., 2003; Thompson et al., 2014;
Wang & Loreau, 2014). Functional connectivity may nega-
tively affect resilience when it favours the propagation of
disturbances, such as invasive species, that reduce biodiver-
sity and functioning of ecosystems (Rahel, 2007; Floerl et al.,
2009). It remains uncertain to what extent functional con-
nectivity, a landscape-level property, can buffer the impacts
of anthropogenic disturbances on functional response diver-
sity at local scales.
In this study, we adopt a resilience perspective to the
management of forest communities in human-dominated,
fragmented landscapes. In the context of forest manage-
ment, managing for resilience represents a paradigm shift
away from traditional management strategies focused on
wood production or non-timber forest products, to one in
which the diversity of ecosystem functions and services pro-
vided by a forest ecosystem is actively integrated into man-
agement strategies across temporal and spatial scales
(Messier et al., 2015). The main goal of this study was to
show how functional response diversity and habitat connec-
tivity jointly influence the ecological resilience of private
forests across a fragmented agricultural landscape of south-
ern Quebec. To this end, we examined the extent to which
functional response diversity (FD) changes with species
diversity to quantify ecological resilience across private for-
ests (Paquette & Messier, 2011). We hypothesized that FD
would exhibit a strong, positive relationship with species
diversity, which would indicate low functional redundancy
and ecological resilience (Flynn et al., 2009; Pillar et al.,
2013). Further, we relate variation in FD to community-
weighted means (CWMs) of individual traits to identify the
types of environmental change – anthropogenic or climatic
– to which the private forests are most resilient (Dıaz et al.,
2007).
Secondly, we identified conservation priorities that pro-
mote resilience of these forests to future disturbances at the
landscape scale. We address this by analysing the connectivity
of the fragmented landscape with respect to seed dispersal
among forest communities using a spatial network approach
(Urban & Keitt, 2001). While spatial networks have been
mainly employed to evaluate the ability of individual species
to track suitable habitat patches (O’Brien et al., 2006; Bodin
& Saura, 2010), recent studies have emphasized the need to
extend this methodology to the community level (Martin-
Queller & Saura, 2013; Thompson et al., 2014). We evaluate
the potential impacts of fragmentation on the maintenance
of FD at the landscape scale across a range of maximum seed
dispersal distances. We identified essential areas in the study
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region for conserving, as well as enhancing, FD at the land-
scape scale.
METHODS
Study region
This study was performed in the Centre-du-Quebec region
in southern Quebec, Canada (45°350 N – 46°340 N,
72°590 W – 71°220 W), which covers 6926 km2 (Fig. 1).
Mean annual temperature is 5.5 °C and mean annual precip-
itation is 1061 mm year1. Land use change and forest man-
agement have fragmented and made forests younger and
increasingly dominated by deciduous pioneer species (Lalib-
erte et al., 2011).
Forest inventory
We used digitized eco-forest maps (scale: 1:20,000 per 10 m)
of the study region from 2006 (MNRQ, 2006) to identify
sampling sites. We selected 48 sites that were equally dis-
tributed across dominant forest types and ages and a gradi-
ent of agricultural cover (Fig. 1) with relatively uniform area
and shape. Six sites were not sampled because species com-
position or forest age was classified incorrectly. Average area
of the sampled sites was 8.71  0.19 ha (mean  SE). Each
sampling site was characterized using 8–14 circular 200-m2
plots spaced at 50-m intervals in which trees with a diameter
greater than 10 cm at a height of 1.3 m were identified to
species. A total of 1586 trees were found across all sites, of
which 99.4% were identified to species. To mitigate edge
effects, all plots were placed at least 10 m away from forest
edges, paths and roads.
Functional traits
To estimate FD, we selected functional response traits that
capture key axes of ecological variation within an individual
effect group, trees, as variation in effect traits has been found
to differentiate strongly by plant growth form (Laliberte
et al., 2010). For the 34 tree species (see Appendix S1 in
Supporting Information) that occurred in our forest inven-
tory, we selected eight functional response traits that reflect
how these species respond to two different types of environ-
mental change, disturbance and climate, following Cornelis-
sen et al. (2003): maximum tree height, wood density,
drought, shade, and waterlogging tolerance, seed mass, mode
of reproduction, and seed dispersal vector (Appendix S2).
Species’ mean values for maximum tree height, reproduction
and dispersal traits were obtained from TOPIC (Aubin et al.,
2012) and wood density (Miles & Smith, 2009), drought,
shade and waterlogging tolerance (Niinemets & Valladares,
2006) were obtained from the literature. As individuals from
two genera, Craetagus and Malus, could not be identified to
species, genus-level averages were used for continuous traits.
Across all traits, trait data was obtained for 96% of species
that occurred in the forest inventory. While absolute values
may differ between traits collected locally versus those from
a database, species hierarchy is usually maintained for most
traits due to the expected magnitude of interspecific varia-
tion (Cordlandwehr et al., 2013; Kazakou et al., 2014).
Local species and functional diversity
Species diversity of the tree community was calculated using
a ‘true diversity index’ of order one, that is the exponent of
Shannon–Wiener diversity, with the ‘vegan’ package
Figure 1 Map of study region and
sampling sites.
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(Oksanen, 2007). For FD, abundance-weighted functional
dispersion was calculated using the ‘FD’ package (Laliberte &
Legendre, 2010), which represents how functionally different
species are from one another in a community and is inde-
pendent of species richness. We used a generalization of
Gower’s distance to calculate the dissimilarity matrix used in
the estimation of FD (Pavoine et al., 2009) and applied a lin-
goes correction to make distance matrices Euclidean. CWMs
of continuous traits were calculated to represent the mean
trait value in a plot. For categorical traits, CWMs were calcu-
lated as the abundance of each individual class.
Data analysis
We used a linear mixed-effects model to evaluate the sensi-
tivity of FD to species diversity, which is conceptually similar
to the ratio of realized to potential FD used by Paquette &
Messier (2011) as a measure of functional redundancy.
Specifically, species diversity was included as the fixed effect;
plots were nested within sites and were treated as a random
intercept. The most parsimonious random effects structure
was determined using AICc, a second-order bias correction
to Akaike’s information criterion for small sample sizes using
restricted maximum-likelihood estimation. The model with
the lowest AICc is presented; candidate models with DAICc
values less than 2.0 produced similar results to competing
models (Burnham & Anderson, 2014). The shape of the rela-
tionship between functional and species diversity suggested
the inclusion of a quadratic term. Therefore, we tested
whether the quadratic term improved model fit using condi-
tional F-tests with a Kenward–Rogers correction to degrees
of freedom. Model residuals were inspected visually to ensure
that the final model met normality assumptions. Models
were fit using the ‘lme4’ package (Bates et al., 2014). To
evaluate model variation explained by fixed and random
effects, marginal and conditional R2 were calculated using
the ‘MuMIn’ package (Nakagawa & Schielzeth, 2013). Mar-
ginal R2 is model variation explained by a model’s fixed
effects, while conditional R2 is model variation explained by
both fixed and random effects.
Relationships between FD and CWMs of individual traits
were assessed using Spearman correlation coefficients because
the data were not normally distributed. These relationships
were robust to trait selection, which we assessed by removing
individual traits and recalculating correlations between FD
and CWM (Appendix S3).
Network construction and connectivity analysis
Network extraction
We used a spatial network approach to evaluate the effects
of forest patch connectivity on FD at the landscape scale. We
employed a map of the study area (MNRQ, 2006)
distinguishing forest and non-forest cover at a 1-ha pixel1
resolution to extract the spatial network based on an eight-
neighbour rule using SELES (Fall & Fall, 2001). Nodes were
defined as forest fragments larger than 5 ha; this lower
bound on patch area constitutes the size of the smallest sam-
pling site. We extracted the complete graph, which considers
all possible links between patches. Links were established
based on the ability of seeds to disperse among patches. We
assumed that this ability was independent of the matrix
cover and limited only by distance, approximated by the
Euclidean distance between patch centroids.
Patch attribute
We adapted the concept of species–area relationships to
functional diversity and modelled functional diversity – area
relationships using maximum-likelihood methods (see
Appendix S4). First, we classified forests in the study region
into mixed (25–75% deciduous, n = 20) and deciduous
(> 75% deciduous, n = 22), as previous analyses revealed
differences in functional and species diversity between these
forest types (Craven et al., 2013). To generate FD – area
curves for both forest types, we created simulated communi-
ties by randomly selecting study sites for all sample sizes with
replacement 1000 times (Oksanen, 2007). For each simulated
community, FD was calculated and its area was obtained by
summing the areas of the selected sites. Simulated data, aver-
aged for each sample size, were then used for model fitting
using a normal distribution and a Michaelis-Menten model.
The most parsimonious models were used to estimate FD for
patches of both forest types (Appendix S4).
Link weight
Links among patches were weighted as a function of distance
between them. With increasing distances between patches,
progressively fewer species disperse successfully from adjacent
patches, thus lowering possible contributions to local species
and functional diversity (Flinn & Vellend, 2005). We evalu-
ated the rate at which FD decays with distance and used this
function to weight links. We first calculated species-specific
estimates of maximum seed dispersal distance (Tamme et al.,
2014). We then recalculated FD for each study plot across
eight dispersal distance thresholds D (250–2000 m, every
250 m) by excluding species whose maximum seed dispersal
distance was less than D. Values were averaged by study sites
and converted to percentages of FD values (% FDPotential)
when all species are present. A generalized additive mixed-
effects model (GAMM) was used to evaluate changes in %
FDPotential as a function of D. This decay function can be
interpreted as the fraction of FD in a given patch that could
potentially travel to another patch a certain distance D away.
We calculate the weight wij of the link between patch i
and j as wij = % FDPotential (D) where D is the largest disper-
sal distance threshold equal or less than dij, the distance
between i and j. Thus, the weight wij is interpreted as the
probability that FD of patch i reaches patch j through direct
seed dispersal. If dij is greater than the maximum seed
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dispersal distance, then wij = 0. However, it might be possi-
ble for seeds from either i or j to reach the other patch indi-
rectly through intermediate, connected patches between i
and j. The probability that seeds will employ a given path
from i to j is pij = wi1*w12* . . . wkj, where 1, 2, . . ., k denote
directly connected patches. Many possible paths may exist
between i and j; the most probable path is the one with max-
imum dispersal probability pij (Saura & Pascual-Hortal,
2007; Saura & Rubio, 2010).
Landscape connectivity
We quantify functional connectivity of the landscape using
the numerator of the probability of connectivity index:
PCnum ¼
Xn
i¼1
Xn
j¼1
fifjp

ij (1)
where n is the number of patches in the landscape, fi is the
FD of patch i and pij is the maximum probability of disper-
sal between i and j (Saura & Pascual-Hortal, 2007; Rayfield
et al., 2015). PCnum measures the capacity of maintaining FD
at the landscape scale. It can also be interpreted as measuring
the landscape contribution in terms of its connectivity to
buffering decreases in FD caused by fragmentation.
Patch importance
The importance of an individual forest patch k for the main-
tenance of FD at the landscape level is determined by a node
removal approach where PC is measured before and after the
removal of patch k.
dPCk ¼ 100 PC  PCremove;k
PC
(2)
There are three principal ways in which a patch can con-
tribute to the connectivity of FD across the landscape (Saura
& Rubio, 2010; Baranyi et al., 2011):
dPCk ¼ dPCintrak þ dPCfluxk þ dPCconnectork (3)
The intrapatch fraction, dPCintrak, accounts for the FD
within patch k. It evaluates how much within-patch pro-
cesses contribute to landscape FD. The flux fraction,
dPCfluxk, corresponds to the FD-weighted dispersal flux trav-
elling from or to patch k. It assesses how well patch k is con-
nected to other patches of the landscape. Finally, the
connector fraction, dPCconnectork, measures how much
patch k contributes to connectivity between other patches by
serving as an intermediate stepping stone between non-adja-
cent patches. Mathematical expressions for the dPCk fractions
are provided in Appendix S5. We evaluated the relationships
between the connectivity of a patch and its functional
response diversity by calculating Spearman’s correlation
coefficients between all three fractions (dPCintrak, dPCfluxk
and dPCconnectork) and fk for all k patches at every threshold
D between 0 and 2000 m.
Effect of fragmentation on landscape-scale FD
To assess the sensitivity of landscape-scale FD to fragmenta-
tion, we evaluated changes in landscape connectivity across a
range of maximum seed dispersal distances D. Patches sepa-
rated by distances larger than D are expected to be unreach-
able via direct seed dispersal and are considered
unconnected. We calculated the normalized landscape-scale
intra (hPCintra), flux (hPCflux) and connector fractions
(hPCconnector), over the range D = 0–2000 m. The land-
scape-scale connector fraction is defined by summing over
all n patches:
hPCconnector ¼
Pn
k¼1 dPCconnectorkPn
k¼1 dPCk
(4)
and equivalently for hPCintra and hPCflux, where hPCin-
tra + hPCflux + hPCconnector = 1. These normalized frac-
tions indicate whether the landscape structure favours
one type of contribution at a given D: within-patch pro-
cesses (hPCintra), dispersal flux travelling between patches
(hPCflux) and dispersal through non-adjacent patches
(hPCconnector). Unless indicated otherwise, analyses were
performed using R 3.0.02 (R Development Core Team,
2014).
RESULTS
Local patterns of functional response diversity
FD exhibited a strong, positive relationship with species
diversity (Fig. 2; Table S1) until saturating at higher levels of
diversity. Species diversity explained a significant amount of
model variation (Table S1; marginal R2 = 90.99%), which
increased marginally when also considering within-site varia-
tion (conditional R2 = 92.43%).
Functional composition across private forests in the study
region was strongly associated with variation in FD. In gen-
eral, CWMs of traits related to disturbance reflected greater
sensitivity to changes in FD than those associated with
climate (Fig. 3; Appendix S2). With increasing FD, CWMs of
wood density and waterlogging tolerance, the abundance
of species that reproduce mostly by seed and the abun-
dance of water-dispersed species significantly decreased, while
the abundance of animal-dispersed species increased
significantly.
Distance decay of potential functional response
diversity
FDPotential decreased rapidly and nonlinearly as dispersal
distance increased (GAMM, Deviance Explained = 89.5%,
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P-value < 0.001; Fig. 4). FDPotential fell to approximately 50%
at 700 m and to 10% at 1200 m (Fig. 4).
Probability of connectivity for functional diversity
The possibility of maintaining FD at a landscape level, as
measured by PCnum, increases with thresholds in maximum
seed dispersal distance, D (Fig. 5a). Even if FDPotential
decreases with D (Fig. 4), seed mobility may still connect
distant patches together and allows the community in one
patch to contribute to the local FD of others. This decrease
in the effect of fragmentation with D can be seen with the
variation in the number of components (Fig. 5a), that is
aggregates of patches linked together by seed dispersal.
When D is below 200 m, the landscape consisted of 1060
isolated components each made up of only one patch. As D
increased, the number of components decreased until the
landscape becomes one component where all patches are
connected together (Fig. 5a). This pattern was mirrored by
PCnum, which saturated at D = 1000 m and can be
explained by the rapid decay in FDPotential beyond 1000 m
(Fig. 4).
The fractions hPCintra, hPCflux and hPCconnector capture
how patches contribute to FD at the landscape level
(Fig. 5b). hPCintra was maximal for D between 0 and
200 m. When the smallest distance between patches in the
landscape was limited to 200 m, seeds would be unable to
reach other patches if their maximal dispersal distance were
200 m or less. Therefore, the only contribution to landscape-
scale FD at these short D comes from FD within each patch.
The decrease in hPCintra with increasing D was matched by
a rapid increase in hPCflux and hPCconnector. hPCflux
reached a maximum at 250 m and subsequently dropped to
lower values, while hPCconnector exceeded hPCflux and
reached a maximum at 350 m.
At D larger than 350 m, patches became less important
for maintaining connectivity between patches (indicated by a
slight decrease in hPCconnector) because seeds may disperse
directly to more distant patches without using intermediate
steps (Fig. 5b). Nevertheless, hPCconnector was always greater
than hPCflux, indicating that, in this study, over the range of
maximum distances at which seeds can disperse, the majority
of patches were not linked directly. For all D greater than
200 m, FD was maintained in the landscape by patches act-
ing mainly as stepping stones in the transfer of seeds travel-
ling directly between patches.
Patches also varied differently in their contributions to
hPCconnector at different values of D (Fig. 6 provides an
example at 350 m). dPCconnectork is used to rank patches
0.0
0.1
0.2
0.3
0.4
0.5
1 2 3 4 5 6 7
Species diversity (H')
FD
Figure 2 The relationship between species diversity (H’) and
functional response diversity (FD) across private forests in the
Centre-du-Quebec region, Canada. H’ is the exponent of
Shannon–Wiener diversity. The x-axis is on a logarithmic scale
and the black line is estimated by the linear mixed-effects
model.
FD
T Drought
T Shade
T Water
WDHT
SM
R Veg.
R M. Seed
R O. Seed
D Self
D Animal
D Exo−Animal
D Bird
D Wind
D Water
D Human
Figure 3 Correlations of community-weighted means of
individual functional traits with functional diversity in Centre-
du-Quebec region, Canada. Black edges represent positive
correlations and grey edges represent negative correlations; edge
width was scaled by the corresponding Spearman correlation
coefficient, and italicized letters indicate a statistically significant
correlation (a = 0.05). FD is functional response diversity, T
Drought is drought tolerance, T Shade is shade tolerance, T
Water is waterlogging tolerance, WD is wood density, HT is
maximum height, SM is seed mass, R Veg. is vegetative
reproduction, R M. Seed is reproduction mostly by seed, R O.
Seed is reproduction only by seed, D Self is unassisted dispersal,
D Animal is endo-zoochorous dispersal by animals, D Exo-
Animal is exo-zoochorous dispersal by animals, D Bird is endo-
zoochorous dispersal by birds, D Wind is wind dispersal, D
Water is water dispersal, and D Human is human-assisted
dispersal.
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according to their importance in upholding landscape con-
nectivity and maintaining FD at the landscape scale. Some
patches display approximately similar importance at all dis-
tance thresholds, while others clearly exhibited higher
dPCconnectork at 350 m. The most important patches
according to dPCconnectork were mainly located in the cen-
tral and eastern sectors of the study region.
We found statistically significant correlations between the
functional response diversity of a patch and its connectivity
fractions (dPCintrak, dPCfluxk and dPCconnectork) that varied
with distance (Figure S2). Mirroring observed patterns of
hPCflux and hPCconnector with distance (Fig. 5b), the corre-
lation between FD and dPCconnectork increased with dis-
tance. In contrast, the correlation between FD and dPCfluxk
decreased with distance. As dPCintrak is directly proportional
to FD (equation 2; Appendix S5), they exhibited perfect cor-
relation (r = 0.99).
DISCUSSION
In the present study, we show that functional response
diversity at local scales and habitat connectivity jointly
influence the landscape-level ecological resilience of a tem-
perate forest ecosystem. Dispersal where connectivity
among forest fragments is high can maintain FD, yet can-
not overcome impacts of fragmentation where local FD
and connectivity are low. We demonstrate the value of
combining spatial networks and functional diversity frame-
works, thereby extending the functional diversity concept
from the local to the landscape scale and, hence, enabling
the evaluation of ecological resilience at larger spatial
scales.
Ecological resilience and functional composition
across private forests
At local scales, we found that the ecological resilience of the
studied forests was highly sensitive to changes in species
diversity. Because FD is independent of species richness (Lal-
iberte & Legendre, 2010), the variation in FD is largely attri-
butable to the abundance-weighted functional dissimilarity
among co-occurring tree species. The strong, positive rela-
tionship between FD and species diversity, therefore, suggests
that ecological resilience is generally low at small spatial
scales because co-occurring species are functionally unique
(Petchey et al., 2007). This relationship saturates at higher
levels of species diversity, which is consistent with the idea
that more functionally redundant communities would be
more resilient to future disturbances (Standish et al., 2014;
Oliver et al., 2015). Further, FD of deciduous and mixed for-
ests increased with area (Appendix S4), possibly indicating
that greater heterogeneity at larger spatial scales increases
resilience (Loreau et al., 2003). Therefore, the studied forests
exhibit considerable vulnerability to future environmental
changes that strongly impact biodiversity loss (Flynn et al.,
2009; Laliberte et al., 2010), such as land use change and
intensification, invasions by plants, pathogens and insects,
and pollution (Vellend et al., 2013; Murphy & Romanuk,
2014). It is important to note that current levels of FD at
multiple spatial scales likely reflect the cumulative impact of
human-induced disturbances over many years, as the effects
of land use on diversity are not immediate (Essl et al., 2015)
and, once present, can persist for decades (e.g., Vellend et al.,
2007; Krauss et al., 2010).
The generally low ecological resilience across tree commu-
nities observed in this study does not necessarily imply that
all ecosystem functions will decline in forests subjected to
major drivers of biodiversity change (Mori et al., 2013). In
forest ecosystems, the provisioning of individual ecosystem
functions can be robust to management or land use inten-
sity. In a region close to the present study, Ziter et al. (2014)
found that carbon storage was robust to both management
and edge effects (but see Isbell et al. (2015)). However, the
homogenizing effects of forest management and use on com-
munity composition (Schulte et al., 2007; Thompson et al.,
2013) might eliminate or reduce the relative abundance of
species that can contribute to the provisioning of other vital
ecosystem functions, including nutrient cycling, pollination
or seed dispersal, and associated ecosystem services (Mitchell
et al., 2014). It can also affect the ability of the ecosystem to
resist or adapt to unknown disturbances such as forest pests
and pathogens (Boyd et al., 2013) or invasion by alien plant
species (Tanentzap et al., 2010) that could negatively affect
the dominant species.
Adj. R−sq. = 89.5 %
P < 0.001
0
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FD
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)
Figure 4 Distance decay of potential functional response
diversity in Centre-du-Quebec region, Canada. The relationship
between FDPotential and maximum (FDPotential) dispersal distance
was evaluated with a generalized additive mixed-effects model
(GAMM). The black line is the fitted regression line and the
grey shaded area is the area covered by the 95% confidence
intervals. Adj. R-sq. is the adjusted R-squared.
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With increasing FD, the functional composition of the
studied forests exhibited greater resilience to future distur-
bances than to future climate change. Decreasing CWMs of
WD and seed mass with increasing FD suggest that more
resilient forests were dominated by early succession species
that have the capacity to disperse into disturbed sites and
grow rapidly (Bazzaz, 1979). The positive, albeit non-signifi-
cant, trend of increasing abundance of species that reproduce
vegetatively with FD further substantiates the idea that for-
ests with high FD would be resilient to anthropogenic distur-
bances that encourage re-sprouting (Abrams, 1998; Bond &
Midgley, 2001). The observed changes in functional composi-
tion associated with greater resilience mirrors regional trends
across northern North America, where forests are becoming
increasingly dominated by disturbance-tolerant species in
areas of ongoing, extensive anthropogenic disturbances (Fos-
ter et al., 1998; Thompson et al., 2013). However, the resili-
ence to disturbance of forests with high FD is likely
constrained by landscape configuration; forests with high FD
are also dominated by animal-dispersed species and, there-
fore, require connectivity with adjacent patches to facilitate
movement of seed dispersers.
Changes in functional composition did not support our
expectation that greater FD would enhance resilience to
future climate change. CWMs of wood density and water tol-
erance decreased and that of drought tolerance did not
change with increasing FD, suggesting that forests with low
FD may be also resilient to predicted increases in drought
frequency (Sutton & Hodson, 2005). This finding coincides
with those of a recent study across European temperate for-
ests, which found that biodiversity did not enhance resis-
tance to drought (Grossiord et al., 2014). While forests
globally operate within comparable safety margins of drought
stress (Choat et al., 2012), changes in micro-habitat condi-
tions associated with droughts can negatively impact seedling
survival (Sack, 2004) and, consequently, species composition.
Including impacts of drought or other abiotic factors on
seedling survival in future studies might provide more pre-
cise predictions of resilience to climate change and resulting
changes in functional composition.
Figure 5 Probability of connectivity
fractions as a function of increasing
thresholds in maximum dispersal
distance thresholds between forest
patches in Centre-du-Quebec region,
Canada. (a) The number of network
components (black line) and the
probability of connectivity (dashed line).
Components are aggregates of patches
linked together by seed dispersal. (b)
Normalized landscape-scale connector
(black line), flux (dash line) and intra
(dotted line) fractions. At a given
dispersal distance threshold, these
fractions give the proportion of the
landscape-scale functional response
diversity that comes from within-patch
processes (hPCintra), from the dispersal
flux travelling between patches (hPCflux)
and from the connectivity of patches
acting as stepping stones between non-
adjacent patches (hPCconnector).
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Does fragmentation reduce the buffering capacity of
non-local dispersal to FD?
Previous efforts to understand the relationship between FD
and ecological resilience have been largely focused at the
local scale, despite the potential importance of non-local
processes, including dispersal and habitat fragmentation.
Here, we used a spatial graph approach to investigate the
extent to which connectivity influenced FD at the landscape
level. With a spatial network, the landscape is seen as a
metacommunity of forest patches linked by seed dispersal
(Leibold et al., 2004). In this study, we found that the capac-
ity of maintaining FD at the landscape scale, measured by
PCnum, sharply increases when thresholds in maximum seed
dispersal distance exceeded 200 m, and is maximal when
thresholds reach 1000 m.
The applicability of metacommunity theory to plant com-
munities presents numerous challenges (May et al., 2013).
For instance, seeds from most plant species generally disperse
over short distances, which restricts their ability to connect
distant communities. However, the occurrence of long-dis-
tance dispersal events, while rare and stochastic, can play a
non-trivial role in plant community assembly (Nathan,
2006). Moreover, maximum seed dispersal distances in tree
species are large relative to other growth forms (Tamme
et al., 2014). Among the species in the present study, the
median maximum seed dispersal distance was 612 m and 11
species had maximum dispersal distances that exceeded
1000 m (Figure S1). Therefore, it is reasonable to assume
that local tree communities in this study are influenced by
non-local seed dispersal.
Because of interspecific variation in seed dispersal distance,
different mechanisms likely contribute in maintaining FD at
the landscape scale (Spasojevic et al., 2014). In the studied
landscape, mass effect dynamics likely occur among popula-
tions of tree species characterized by maximum seed disper-
sal distances larger than 1000 m, because at these distances
the landscape is fully connected. If these species are also bet-
ter competitors, which is the case for A. rubrum (maximum
seed dispersal distance, 11,371 m), long-distance dispersal
could lead to a homogenization of species composition at
the landscape scale and a concomitant decrease in FD. Fur-
thermore, FDPotential decreased sharply with increasing dis-
persal distance. This finding suggests that FD of non-local
sources of diversity declines with increasing distance between
patches. On the other hand, at lower thresholds in maximum
dispersal distance, local conditions are expected to be stron-
ger drivers of community composition. May et al. (2013)
found that regional processes played a minor role in deter-
mining the persistence of plant communities in poorly con-
nected fragmented landscapes. Hence, species sorting, that is
the differential ability of species to perform under different
conditions, probably dominates metacommunity dynamics in
the study region.
Forest patches across the landscape did not contribute
equally to maintaining FD. Over the range of maximum dis-
persal distance thresholds, we found that the majority of
patches were not linked directly by potential seed dispersal
but acted mainly as intermediate stepping stones in the
transfer of seeds. Patches that had high hPCconnectork can
buffer the effect of fragmentation on FD due to their topo-
logical position in the landscape network. Because stepping
stone patches cannot be substituted by other patches of the
landscape (Baranyi et al., 2011), this result implies that the
conservation of FD at the landscape scale is vulnerable to
their loss.
Conservation and management recommendations
The joint effects of local- and landscape-level anthropogenic
disturbances on FD found in the present study illustrate the
need for management plans of forests to simultaneously con-
sider both scales to promote ecological resilience to future
disturbances (Thorpe & Stanley, 2011). Our results indicate
that priority should be given to managing patches of high
importance for landscape connectivity. We use dPCconnectork
to identify stepping stone patches for prioritizing conserva-
tion and management efforts (large nodes, Fig. 6). By focus-
ing on stepping stone patches, FD across the landscape can
be maintained through non-local seed dispersal. Similar
management priorities have been suggested recently for the
reforestation of agricultural landscapes (Garcia-Feced et al.,
2011) and for limiting the spread of an invading plant spe-
cies (Minor & Gardner, 2011). While conservation and man-
agement efforts in patches other than stepping stones can
Figure 6 Spatial graph representation of the landscape of
Centre-du-Quebec, Canada. Nodes of the graph represent
patches of the fragmented landscape. Node size is scaled to the
connector fraction dPCconnectork, and node colour corresponds
to estimated functional response diversity (FD) at the patch
scale. Only nodes that are separated by a distance up to 350 m
are linked. Links are weighted by %FDPotential at the distance
corresponding to their length (Fig. 4).
Diversity and Distributions, 1–14, ª 2016 John Wiley & Sons Ltd 9
Ecological resilience in fragmented landscapes
have beneficial local effects, for example conserving popula-
tions of endangered species, they will probably not influence
FD significantly at the landscape scale. Because stepping
stone patches may vary in their value of local FD
(Appendix S5), different strategies should be employed based
on these values to minimize economic costs of conservation
efforts (Naidoo et al., 2006). Higher priority should be given
to preserving stepping stone patches with high local FD
(dark grey, large nodes, Fig. 6). Stepping stone patches with
low local FD also should be targeted for conservation, but
will require silvicultural interventions designed to enhance
local FD to maximize their impact.
At the local level, enhancement of local FD in stepping
stone patches could be achieved principally through enrich-
ment planting. While enrichment planting typically is used
to improve degraded forest stands by adding economically
valuable tree species (Paquette et al., 2006a), it can also be
used to add species with particular traits aimed at increasing
resilience (Lamb et al., 2005; Duveneck & Scheller, 2014). In
agro-forested landscapes, many forests are lost and gained
dynamically in response to socio-economic forces, for exam-
ple grain prices (Pan et al., 1999); increasing the economic
value of forest patches by introducing valuable timber species
thus might reduce the risk of conversion and avoid defor-
estation (Paquette et al., 2006b, 2009). Species selection crite-
ria in the study region should give preference to species with
long maximum dispersal distances that are capable of coex-
isting with the dominant A. rubrum and provide comple-
mentary functions to those of A. rubrum. Because long-
distance gene flow of tree species is greater than predicted
habitat shifts due to climate change (Kremer et al., 2012),
species already present in the study region will likely adapt
rapidly to changing environmental conditions. Further efforts
should be taken to conserve FD in priority areas, including
monitoring for invasive plant species such as Rhamnus
cathartica (Knight et al., 2007) and restricting intensive forest
uses to specified zones (Tittler et al., 2012).
The success of targeting stepping stone patches for main-
taining landscape FD is contingent upon the time commit-
ment of conservation efforts (Saura et al., 2014). While
secondary dispersal can rapidly move seeds through the
matrix (Chambers & MacMahon, 1994; Higgins et al., 2003),
conservation planning should account for the slowest pro-
cess; seeds must first establish in stepping stones, grow and
become reproductive before producing seeds that will dis-
perse to other patches. Mean ages at reproductive maturity
of woody angiosperms (15 years, 95% bias-adjusted confi-
dence intervals: 5.30, 20.0; using data adapted from Verdu,
2002) and gymnosperms (16.9 years, 95% bias-adjusted con-
fidence intervals: 13.75, 25.75) in the study region suggest
that stepping stones will need to be conserved for at least 5–
26 years. These estimates of generation times are not conser-
vative, as they do not consider the probability of successful
seedling establishment. Time commitments that match the
expected length of tree reproduction cycles are essential to
fulfil the conservation potential of stepping stone patches.
Lastly, another significant challenge in implementing the
above-mentioned conservation and management recommen-
dations in the study region is private ownership of forests,
where the lack of regulatory tools makes it difficult to imple-
ment landscape-level recommendations at local scales. How-
ever, the creation of legal or economic incentives for
participating in conservation through stewardship pro-
grammes for private forests might increase the uptake of the
conservation and management recommendations (Parkhurst
et al., 2002; Kabii & Horwitz, 2006).
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